Abstract Reduction in polarisation of ferroelectric materials due to repeated electrical cycling is a major problem in ferroelectric non-volatile memory devices. There is a large amount of data addressing this issue at high electric field strengths under bipolar loading conditions, however the effect of field cycling at low electric field strengths (< E c ) has not been fully investigated. This paper addresses the effects of repeated cycling of soft lead zirconate titanate using electrical pulses at fields well below the coercive field strength of the material. It is shown that this mode of loading diminishes the macroscopic polarisation and mechanical response of the material. The origins of this behaviour are found to be a statistical non-non-reversible switching processes that does not result in classical fatigue related mechanical microstructural damage or defect agglomeration and domain pinning. Instead the process is fully recoverable and attributed to local changes in switching energy and clustering of switched ferroelectric cells.
Introduction
Exploiting the ferroelectric behaviour of materials for application in read-access memory (FRAM) was first conceptualized in the 1950s [1] with the first operational memory elements emerging in the 1970s [2] . After a first wave of interest from the semiconductor industry in the 1990s the first commercial FRAM devices emerged. However the lack of critical applications for the technology paired with considerable requirements for new investment in production technologies [3] prevented the technology from developing its full potential in favour of alternative technologies, namely Flash.
Today most non-volatile memory devices are flash based. However due to the way flash memory is technically realised it is restricted in element size, the number of writing cycles and writing speed [4] . With the increasing demand on nonvolatile memory used in mobile devices it is expected that flash memory will be replaced by another technological solution that will ensure a better scaling of performance characteristics, with FRAM being a possible candidate [5] .
Materials that meet most of the requirements for fabricating FRAM devices are already available. 'Soft' lead zirconate titanate (PZT) is a common choice [5] , due to its ability to be processed, large remnant polarisation and small achievable element size. In the context of memory storage the lifetime of a device is greatly limited by deterioration of the material's properties in response to repeated write and read cycles [6, 7] . At the moment destructive read operations are employed: the memory element is probed with a read pulse above the coercive field that also erases the element. The element then needs to be rewritten with its original state. A read operation therefore introduces two high electric field polarisation cycles to the element. With operation frequencies in the high MHz/GHz range this equates to a significant number of cycle over the product life-time.
High electric field cyclic loading is known to cause a decrease in remnant polarisation, largely attributed to a reduced amount of switchable domains. In large electric-field scenarios the origins for this behaviour are largely attributed to fatigue in the form of mechanical defects [8] [9] [10] [11] [12] [13] [14] , rearrangement and clustering of point defects [8, 9, [15] [16] [17] [18] [19] and charge agglomeration at interfaces, such as electrodes and grain boundaries [20, 21] . However, elements can also be designed as nondestructive read out devices, e.g. in the form of ferroelectric field effect transistors [22] . In this case elements are probed by applying read pulses below the material's coercive field in such a way that the element does not lose its remnant remnant polarisation state; reading is a single operation at low electric field. While a single low electric field cycle is not shown to cause significant changes to the polarisation state, repeated cycling may cause long term effects and degradation of performance as a consequence of the atom movement that is still induced within each cycle. To examine this behaviour, 'read' pulses of electric fields well below the coercive field of the material have been repeatedly applied to a soft PZT bulk sample. The polarisation changes, as well as changes in the temporal behaviour of the sample, have been analysed by examining the transient discharge current. It is shown that repeated cycling causes depolarisation in soft lead zirconate titanate and the microscopic origins of this behaviour are investigated.
Experiment
The electric charge and discharge behaviour of a ferroelectric material is result of a combination of an externally defined RC time constant of the circuit and switching of ferroelectric domains. In a first approximation the current, I RC , that summarises processes faster than the RC time constant of the circuit is approximated by
where V s is the voltage step, R the circuit resistance and τ RC the characteristic time constant for the circuit resistance and capacitance, C. The current obtained from ferroelectric switching, I sw , can be expressed by
where p r is the remnant polarisation of the sample, P eq is the change in the occupation probability of the domains at time t → ∞ and τ sw the associated switching time [23] . The switching time τ sw is dependent on the fundamental phonon frequency of the material ν 0 , the energetic barrier W B that needs to be overcome in the switching process and the thermal energy of the system k B T [24] and is given by
For low electric fields (i.e. below the coercive field) the variation in energy barriers being overcome and therefore the respective variation in switching time constants is limited such that it can be approximated using a single exponential decay. While there is no explicit dependency of either switching current or switching time on the circuit resistance there is an indirect dependence via the electric field E that gradually changes over the course of the discharge. Figure 1 shows the circuit used to observe the switching current. A high speed MOSFET (Behlke HTS 41-06) was used to apply a rapid transition from a high voltage (HV) to ground. The MOSFET's fast switching time of <10 ns allows monitoring of the switching processes inside the material in the form of a transient current flowing in and out of the sample. Similar approaches to investigating switching behaviour have been used in the past [19, [25] [26] [27] [28] . By examining the discharge transient from HV to ground rather than the charge transient from ground to HV the frequency response of the high voltage source does not affect the transient behaviour of the sample. Instead the discharge transient is solely dependent on the capacitance of the sample and the resistance of the circuit. To prevent critical oscillations from occurring in the circuit the sample with a nominal capacitance of 3.3 nF was discharged into a resistive load of 330 Ω while the voltage was measured across a 50 Ω reference resistor and recorded using an oscilloscope (Tektronix TDS2024). From the measured voltage the transient current was calculated. The combination of MOSFET and external resistance results in a total resistance of 385 Ω for the circuit. The measured RC time constant for a linear dielectric reference capacitor of 1 nF was found to be 397 ± 1 ns which comes close to the theoretical value of 385 ns.
Disk shaped soft lead zirconate titanate (PZT5H, Zr/ Ti = 52/48, predominantly tetragonal phase) commercial samples of 10 mm in diameter and 0.5 mm in thickness were excited using square wave electrical excitation. The PZT samples were initially poled by undergoing a full polarisation-electric field loop at 20 kV/cm and 1 Hz. To assess and quantify the long-term behaviour of the samples, they were then repeatedly cycled and a discharge transient was recorded every 10 7 cycles. The electric field was applied at field strengths from −5 to −6 kV/cm which is well below the DC coercive field strength of ±8 kV/cm. The repetition rate was 15 kHz with 50 % duty cycle. The time between voltage steps was sufficient to fully charge/discharge the sample and give it time to relax mechanically before the next cycle was applied.
To examine the domain structure of the samples, piezoresponse force micrographs were taken after various numbers of cycles. Piezoresponse force microscopy (PFM) is a derivative of atomic force microscopy (AFM) that allows imaging of ferroelectric domains by applying an additional oscillating voltage to the AFM cantilever tip. This voltage induces a strain in the sample due to the inverse piezoelectric effect [29] which can be separated from topography using lock-in amplifier techniques. The obtained phase data contains information about the direction of displacement. Two domains that are poled in opposite direction for example show a phase difference of 180°. This allows imaging of distinct domains in the sample. In response to the step change of the electric field the virgin sample shows an exponential discharge overlain with an oscillation while the cycled sample shows only an exponential discharge without apparent oscillation. The frequency of oscillation is 220 kHz which corresponds to the round-trip time of a sound wave in lateral direction of the sample. This response is due to the piezoelectrically induced mechanical resonance of the disc sample and is absent in the cycled sample indicating a depoling effect.
Experimental results
The discharge transient itself shows two exponential components; one defined by the extrinsic time constant of the circuit and a second component with much slower time constant that is associated with the response of the material itself. For further analysis the transient was fitted with a three-term model accounting for the extrinsic circuit time constant, the dielectric relaxation and the piezoelectric resonance.
The first term I RC ⋅ e -t/τRC accounts for all processes faster than the time constant of the circuit. The second term I sw ⋅ e -t/τsw accounts for switching in the material. The assumption of a single exponential decay for the switching current (I SW ) assigns an average time constant for all domains. At room temperature for the applied fields the calculated value of the time constant of the samples lies in the low microsecond region [24] . The third term I osc ⋅ e -t/τ osc ⋅ sin(ωt + φ) accounts for the dampened mechanical (piezoelectric) resonance of the sample. Fitting these parameters with a least-square algorithm consistently delivers R 2 values greater than 0.99. During cycling, the temperature was monitored continuously to assess potential influence of thermal effects. The temperature was measured using a K-type thermocouple in contact with the sample. Temperature settled within the first 20 million cycles at a mean of 30°C with fluctuations no greater than ±0.5°C over the course of the experiment.
The fitting parameters of the transient (Fig. 3) show significant changes with the number of cycles. The I RC amplitude remains constant while the associated RC time constant and amount of charge stored in the process decreases slightly as would be expected from a gross change in capacitance of the circuit caused by changes in the material. Conversely the switching current amplitude and charge both decrease while the associated time constant decreases to a lesser extent. This shows that the time constant is an intrinsic characteristic of the material that is not directly altered by the overall capacity drop of the sample. The amplitude of the current associated with the mechanical oscillation decreases with the number of cycles. The associated time constant of the mechanical oscillation, that is dependent on the mechanical properties of the sample, does not change. There also appears to be a distinct correlation between the current amplitude for the switching contribution and the mechanical oscillation. This relationship indicates that the switching process is ferroelectric in nature, as the amplitude of the mechanical response is related to the polarisation of the sample via the piezoelectric effect which is in agreement with d 33 measurements of the material (in a sample cycled at 6 kV/cm d 33 Berlincourt measurements indicate a decrease from 435 pC/N at virgin state to 110 pC/N over the course of 2•10 9 cycles). In summary, the discharge transient behaviour of the sample changes from predominantly ferroelectric towards a faster, but lower capacitive behaviour similar to that of an unpoled ferroelectric. Figure 4 shows the total capacitance of the sample as a function of cycles for three electric fields of various strengths. It shows a reduction of capacitance and therefore remnant polarisation with an increasing number of cycles. The amount and rate at which the decrease in capacitance occurs shows a strong dependence on electric field. At 5 kV/cm virtually no change is apparent while at 5.5 kV/cm the capacitance of the sample drops rapidly with the number of fatigue cycles and at 6 kV/cm the changes are even more pronounced. The transition between no change at all at 5 kV/cm and noticeable changes at 5.5 kV/cm suggests the existence of an energetic boundary that has to be surpassed for the effect to occur. The change also appears to be limited, approaching an asymptotic value as the slow switching contribution reaches an equilibrium level after which only domains with energetically higher barriers remain. When increasing the electric field further to 6 kV/cm more barriers can be overcome and a larger decrease is observed. This is in stark contrast to the situation where a field equal to the coercive field is applied and macroscopic 
Origins of diminished polarisation
The changes observed in the discharge transient suggest changes in the domain structure of the sample. In conditions involving cycling at strong electric fields, changes in the domain structure can generally be linked to movement of defects in the material causing pinning of domains, as well as the occurrence of mechanical defects such as delamination and micro cracking that cause fatigue of the sample. In this study however the applied fields have been low suggesting that the cause therefore may be different. Figure 5 shows piezo force micrographs of the virgin state of the sample and after 10 9 , 3⋅10 9 and 10 10 load cycles at 5.5 kV/cm. In its original virgin state the sample shows large ferroelectric domains pointing up (180°) or down (0°). After 10 9 cycles the domain structure has changed slightly towards smaller domain sizes. After 3⋅10 9 cycles domain sizes are smaller still until after 10 10 cycles there is virtually no larger domain structure apparent any more. The inset in Fig. 4 shows the area of the micrographs covered by 0°and 180°domains averaged over multiple sites. The behaviour is congruent with the observed change in capacitance that indicates a loss of remnant polarisation. Neither microcracking nor domain pinning, that are associated with fatigue in bipolar loading conditions [30, 31] , was observed.
Potential causes of the behaviour can also be assessed by investigating the sample's recoverability. Both domain pinning and micro cracking present permanent damage to the sample that requires additional procedures to recover. Recovering domain pinning requires resetting the entire domain structure of the material by heating the material above its Curie temperature and subsequent repoling [32] . Micro cracking is an even more severe form of damage, requiring annealing to repair the material [8, 9] . Figure 6 shows polarisation-electric field loops of the sample in its virgin state, the first and second loop after 10 10 cycles of 5.5 kV/cm. The first loop after cycling shows a significant reduction in polarisation that is almost completely recoverable. The second loop after cycling coincides very well with the virgin loop prior to cycling. From the recoverability it is concluded that the origin of the depolarisation is not due to domain pinning, which would have required heat treatment to recover, or micro cracking, which is not recoverable without sintering. The behaviour observed is therefore not associated with classical fatigue mechanisms involving permanent damage, as observed in bipolar loading conditions [8, 15] . Instead it appears to be solely a depolarisation process of the material: During each cycle a small fraction of the easiest-to-switch cells switch in a non-reversible manner when the field is applied. On removal of the field these cells fail to switch back resulting in an altered distribution of energy barriers in the material.
The statistical spatial clustering of the cells that are not able to hold their polarisation on discharge could accelerate the process as such clustering would alter local energy barrier to a greater extent making it slightly more difficult for the cells to switch back on removal of the sub critical field. The local disorder would then lead to increased tendency for disorder in the region and growth of the unpoled region. Over the course of 10 10 load cycles this results in disruption and breakup of existing domains from the sides, as well as formation of clusters of un-orientated cells, and expansion of unpoled regions until ultimately all domain structure in the material is lost and it becomes depoled.
Cycling at higher fields would result in an increased number of cells that switch on charging thereby increasing the probability and severity of clustering and rate of loss of performance. Due to the relatively small change in activation energy associated with these clusters repoling the material returns it to its original state without the need to perform any microstructural repair or high temperature annealing process.
Conclusion
Repeated electrical cycling at field strengths well below the coercive field of the material was shown to induce changes in the domain structure of the ferroelectric resulting in a depoling of the material through the randomising of cell alignment. The changes are observable in reduced mechanical response and reduced polarisation of the sample. The loss of polarisation greatly affects the capacitance of the sample while discharge associated time constants only change marginally. The amount and rate of change show strong dependence on electric field, suggesting the existence of well-defined energy barriers to domain switching. PFM micro graphs show that the observed polarisation loss is associated with the breaking up and shrinkage of ferroelectric domains. As neither domain pinning nor mechanical damage was observed and the polarisation can be recovered by repoling the sample, the observed behaviour appears to be a statistical non-reversible switching of ferroelectric cells causing macroscopic depolarisation rather than classical fatigue behaviour associated with formation of high energy domain pinning sites or microstructural damage.
